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ABSTRACT
Effects of Bed Roughness on the Concentration
of
Suspended Clay in a Salt Water Flow
by
Lohit Narayan Konwar
Submitted to the Department of Earth and
Planetary Sciences in partial fulfillment of
the requirement for the degree of
Master of Science
Flume experiments were conducted with five bottom
roughnes ses of different types to investigate the
equilibrium suspended sediment concentrations. For a
fixed flow depth of 4.7 cm and a fixed flow velocity of
20 cm/sec, the equilibrium suspended sediment con-
centrations are 316 ppm for a flocculated bed deposited
in the flume directly from suspension at low velocity,
85 ppm for a sand surface, 45 ppm for a silt surface,
68 ppm for a glass plate, and 41 ppm for a plexiglas
surface.
The high experimental value of equilibrium con-
centration for the flow with sediment bed is explainable
if simultaneous erosion-deposition of the bed materials
is assumed. The simultaneous erosion-deposition
phenomenon is believed to be a preferential one; i.e.,
the flow resuspended only those sediments which were
deposited freshly from the flow during the run and
sediments around the entrance section. The equilibrium
concentrations for the rest of the bottom roughnesses
are low due to the absence of the erosion-deposition
phenomenon. The suspended sediments are supported
only by the turbulence flow structure in this case. The
observed difference of equilibrium concentration between
the sand and the silt surfaces supports this conclusion.
It is suggested that a higher equilibrium concentration
can be maintained in the flow by increasing the bottom
roughness.
Thesis Supervisor: John B. Southard
Associate Professor of Geology
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1. INTRODUCTION
INTRODUCTORY NOTE
The problem of erosion and sedimentation of fine
sediment is extremely important in hydraulic engineering
since it is closely related to navigation, land
protection, stability of channels with cohesive bed,
the useful life of reservoir, etc. A rational approach
to the control of shoaling in estuarial water in which
fine sediments generally play the dominent role requires
a better understanding of the behavior of fine sediment
in a flow field.
Cohesive sediments range in size from a small
fraction of one micron to several microns. Completely
dispersed individual fine particles may stay in
suspension for a very long time. Under proper water
environment, specifically when there is a slight salt
content in the water, the particles tend to stick to
each other and form agglomerations called flocs. This
phenomenon is known as flocculation. The size and settling
velocities of the flocs may become much larger than those
of the individual particles and rapid deposition may
result. Therefore, the settling unit in a fine sediment
suspension is not the individual particles but the floc.
Moreover, the same surface forces are predominant in
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providing resistance to erosion. The maximum floc size
in a given flow field is a function of the sediment
properties, water environment, and the flow itself,
which on one hand enhances flocculation by increasing
the collision frequency, and on the other hand limits
the floc size by the hydrodynamic forces. This dependence
makes the problem of erosion and deposition of fine
cohesive sediment extremely complex.
Systematic research on the behavior of fine sediment
in a flow field started only in the 1960's. Most of
these studies have been conducted in recirculating
systems, either flumes (Krone, 1962; Partheniades, 1965)
or pipes (Thomas, 1961), and in small scale systems
such as rotating cylindrical models (Dunn, 1959;
Partheniades, 1966).
The present state of knowledge is still very
limited even though some research papers have come
out in recent years. The relationships between flow
parameters, sediment properties, and rate of erosion,
suspension, and deposition must be investigated
further before qualitative functional relationships
between them can be formulated.
The main purpose of this study is to investigate
the difference in suspended sediment concentration of
clay-mineral sediment in flowing salt water at a
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representative flow velocity with a possible natural
range of bottom roughness conditions. The experimental
apparatus used for this study was a conventional
recirculating flume and the fluid used for the investig-
ation was sea water.
If the mechanics of erosion, transport and deposition
of cohesive sediment for various flow conditions can be
accurately deduced, scientists will have an effective
tool for prediction of modern sediment transport and
for interpretation of ancient sedimentary deposits.
A summary and examination of the previous investigation
is given in the following section.
PREVIOUS INVESTIGATION
The general fundamental differential equation
governing the depositional behavior of the fine sediment
suspensions in a flow field was developed by McLaughlin
(1961) on the basis of the sediment continuity principle.
For one-dimensional flow, the fundamental equation has
the form
t + U - z + - W) z(1)
The boundary conditions for the equation are:
(1) There is no net rate of transport in verticle, z,
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direction across the free surface at z = d, the
depth of flow.
(2) At the bed, the net material eroded must be
entrained into the-main flow by turbulence.
(3) At t = o, the distribution of concentration
is a known function of space.
Equation (1) cannot be solved with the present state
of knowledge of the factors controlling the erosion and
deposition of cohesive sediments in a turbulent flow
field. Very little is known about the rates of floc-
culation, the turbulent diffusion coefficients and the
second boundary condition. Moreover w is an unknown func-
tion of the flow conditions.
Thomas (1961) conducted a series of experiments using
flocculated thorium oxide and kaolin suspensions flowing
in glass pipes. In his first series of experiments to
study the laminar flow properties of flocculated suspension
with a horizontal tube viscometer he found that the
principal facotrs affecting the magnitude of laminar-flow
properties were the concentration and particle diameter
of the solid phase. In his second series of experi-
ments to study the transport characteristics of sus-
pensions with a horizontal pipe he found that for
concentrated suspensions in compaction the minimum trans-
port velocity was given by a characteristic critical
Reynold's number.
The first major comprehensive flume experiments
on the behavior of the fine sediment on a flow field
were made by Krone (1962). He conducted a series of
experiments using a silty clay mud from San Francisco
Bay composed of about 50% silt and 50% clay. He used
a rectangular channel, 3 ft. wide and 100 ft. long,
equipped with a propeller pump and two valved return
lines that facilitated circulation of water. For
concentrations less than 300 ppm, he found that the
concentration C at time t may be represented by the
equation
S= exp [-Kt] (2)
According to Krone, p, the probability of a floc
sticking to the bed, was found to depend on the bed shear
stress and can be represented by
To
p = 1 - [- ] (3)
From experiments, values of Tc = 0.6 dynes/cm2 and
w = 6.6 x 10-4 cm/sec were found. For high concentrations
in excess of 10,000 ppm Krone found the relation
log = K1 log t + constant (4)
where K1 is an empirical coefficient. For concentrations
between 300 ppm to 10,000 ppm, Krone's experiments
gave a relation similar to equation (4), i.e.,
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log = -K2 log t + constant (5)
where K2 was found to be approximated by
K 103 o]- (6)
2 d I
c
For this concentration range Tc was found to be about
0.78 dynes/cm 2 . Krone attributed the different
depositional behavior in the three concentration ranges
to three modes of settling. For very low concentrations; i.e.,
less than about 300 ppm, the particles and flocs settle
more or less independently without continuous mutual
interference. For intermediate concentrations between
300 and 10,000 ppm there is considerable interference,
and the settling is called hindered. Finally, for
concentrations above 10,000 ppm the suspension assumes
the form of a continuous network with water escaping
between the network spaces. An extreme example of such
settling is freshly deposited mud consolidating under
its own weight. Moreover, Krone claimed that during
deposition at low velocity (about 9 cm/sec) there is an
interchange between suspended and deposited sediment.
His conclusion was based on the fact that sediment
labeled with radio active gold seemed to deposit at a
faster rate than the total sediment. The surface of the
bed formed by deposition was described as featureless.
To determine a relationship between floc size and
shear stress, Krone conducted an experiment using two
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concentric cylinders. Internal shearing can both
promote the floc growth and limit floc size, since
up to a certain limit it promotes the collision of
particles but above that limit it exceeds the shear
strength of the flocs and begins breaking them. Krone
suggested that the flocs should approach a maximum size
under each condition of sustained shearing, and he
determined the size by taking photographs utilizing a
strobe light. The results of the experiments showed an
increase relationship between the maximum floc diameter
and the thear stress at the inner cylinder down to a
shear stress of 0.06 dynes/cm 2 . Before this limit, the
floc size increased rapidly with decreasing shear
stress.
Etter and Hoyer (1964) did a similar experiment
using a recirculating flume with salt water. The sed-
iment used consisted of 35% clay, 62% silt, and 3%
fine sand. They found out that for concentrations below
200 to 300 ppm the results are similar to those of
Krone (1962). The only difference in their equation
= exp [-Kt]
CR
is that instead of CO they used CR , where CR is not the
initial concentration of the run, but rather a reference
concentration at the time a straight line slope, -K begins
on the plot.
Partheniades (1965) made a series of experimental
flume runs using the same sediment as used by Krone
(1962), namely, San Francisco Bay mud. From the two
deposition runs, one of high and one of low initial
concentration, he found that they resulted in nearly
the same ratio of final concentration to initial
concentration. The values of these ratios were 9.64
and 0.63 for the high and low initial concentration,
respectively. According to him, this implies that for
a turbulence intensity corresponding to a particular
flow coxldition, the equilibrium concentration is due to
the amount of material available of a size less than the
maximum size the flow can support. It does not represent
the total transport capacity of the flow. At a flow
velocity of about 17 cm/sec he observed that concentration
was about 50% of the total concentration at the start
Qof the experiment. Therefore, he reasoned that only
the clay portion of the sediment was in suspension.
This led him to believe that there existed a critical
agitation intensity, and/or a critical bed shear
stress, above which all clay stayed in suspension and
below which all clay deposited. He found this critical
velocity to be about 15 cm/sec, which was lower than
the minimum observed scouring velocity of 21 to 24
cm/sec for the same material.
The recirculating systems have the disadvantage of
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nonuniformity of flow conditions within the entire
system. Partheniades et al. (1966) developed a
special experimental apparatus in which the return
system was eliminated and the flow conditions were
found to be same at every cross section. The essential
components of the apparatus were an annular ' channel and
an annular shear ring placed within the channel and
touching the surface of the water in the channel. A
shear flow was induced in the water by a differential
speed of rotation between the ring and the channel. The
speed of rotation of each component may be varied independ-
ently, and the shear stress at the ring surface can
be measured by a system of strain gages. The depth of
flow can be varied by vertically displacing the shear
ring, and provisions were made to take samples for
measurement of suspended sediment concentration during
a run. From the experiments made with this special
apparatus on the behavior of cohesive sediment for
concentration below 300 ppm, they questioned the validity
of equation (2) as found by Krone. It should be kept
in mind that the majority of the data points in this
particular experiment fall between concentrations
of 300 to 100 ppm only, whereas Krone's data adequately
cover concentrations from 300 to 30 ppm. From their
experiments with kaolinite clay they found that the ratio
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of equilibrium concentration to initial concentration
is nearly independent of the initial concentration and
a function only of the flow conditions. They also found
that the grain size distribution of the suspended sediment
at equilibrium covers the entire range of the original
clay. From this they suggest that the deposition is
controlled predominantly by flocculation and that the
strength of the bond is more important than the weight
of the particle.
Some conclusions can now be drawn as to the present
state of knowledge about the behavior of fine sediment
in a flow field. The situation has not been much
improved from the 1960's regarding a successful
delineation of the events: erosion, transport and
deposition.
Due to the complexity of flow conditions in
estuaries and in the complex nature of sediment
itself, a satisfactory evaluation of sediment movement
and deposition by direct field measurements and sampling
appears very unlikely. Certain tracing techniques,
particularly with radioactive tracers, appear to be
very promising in detecting problem areas, sediment
sources and shoaling patterns.
The settling velocities of suspensions of clay
sediments are determined mainly by the size of flocs,
which is a function of the clay properties, flow con-
ditions, concentration, and salinity of the water.
Information on flocculation or flocculation rates and
floc sizes in a turbulent flow field are still speculative.
Much has to be known before any meaningful functional
relationship can be made.
The deposition rates of flocculated sediment depend
mainly on the shear stress and the turbulence condition
of the flow. Therefore, a relationship between settling
velocities and shear stress and some understanding of
the relationship between turbulence structure and
settling velocities must be understood to evaluate the
deposition rates. Very little is known regarding critical
erosion parameters. The erosion rates seem to depend on
the shear stress, physical properties of the bed, and
turbulence structure. It is not fully understood
whether critical shear stress for deposition is the
same as critical shear stress for erosion or whether
there exists a transition zone of non-deposition between
deposition and erosion. For constant flow conditions
and bed properties, erosion rates are found to be
constant and independent of suspended sediment concen-
tration.
Sediments most commonly encountered in estuarine
areas contain varying percentages of silt, clay, and
some sand. The behavior of the silt and clay should be
studied separately before their combined effect is
considered. There seems to be a gap between the existing
basic information about the erodibility of soft recent
clay and the more consolidated clays. From the
previous investigation, it appears that average shear
stress at the bottom does not adequately describe the
erosion of bed particles. Attempts should be made to
determine what component of cohesion resists erosion.
Determination of this parameter may lead to resolving
the erosion phenomenon successfully.
- The analytical theories so far proposed have not
been successful in predicting and describing the behavior
of cohesive sediments in flowing salt water in a
satisfactory way. However, the empirical approach has
successfully identified and approximated some of the
variables involved in the problem, which has tremendous
engineering value. Therefore, an experimental approach
appears to be the most likely direction of investigation.
PURPOSE AND OUTLINE
In the following chapters, an experimental study
into the characteristics of the governing parameters of
cohesive suspended sediment in a flow field, namely,
critical shear stress, and equilibrium concentration as
a function of bottom roughness, is outlined. The
study is focused on the validity of critical shear
stress for erosion or deposition as established by
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Krone (1962) and to find out the dependence of suspended
sediment concentration on the bottom conditions. There
have been very few systematic studies on the behavior
of suspended sediment in a flow field, and there have
been none particularly in a flow field with different
bottom roughnesses. The situation with a wide range of
bottom conditions is a natural one. Therefore, it is
very important to know the variation of the suspended
sediment concentration with different bottom conditions.
The concept of bottom roughness as a governing
parameter arises due to the existence of different bottom
conditions in nature. In the natural environment, as
in the coastal environment, estuarial channels, or in
rivers, a variety of bottom conditions exist. The most
common of these conditions are the following:
(1) A clay bed - possibly deposited due to the dumping
of the suspended sediments from the flow and as a
consequence composed of same materials.
(2) A flat sand bed - where the flow field received
the suspended cohesive materials as an
independent influx at a later time.
(3) A flat silt bed - where the flow field is the same
as No. 2.
(4) A sand or silt bottom with bed forms.
The optimum capacity of a particular flow field to
hold suspended sediments in the flow is very important
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for engineering purposes. The variation of this
optimum capacity, which is termed the equilibrium
concentration in this thesis, due to the various bottom
roughnesses has not been studied so far. It is evident
that the equilibrium concentration will vary if one
changes the independent variables of the system; i.e.,
velocity, flow depth, temperature, viscosity, salinity,
etc. On the other hand, if we keep the velocity,
depth, temperature, viscosity, salinity, etc., fixed
and change only the bottom roughness the resulting
variation of the equilibrium concentration will be
valuable information. Therefore, the target of this
study is to find out the different values of the equil-
ibrium concentration for different bottom conditions of
a particular flow.
Most of the previous experiments have been done in
a recirculating channel with a rectangular cross-
section. Partheniades et al. (1966) used a special
system of rotating annular channel, in which he elim-
inated the return system to achieve a uniform flow
condition. In the present study, a conventional
recirculating system is used due to its simplicity and
for the nature of the present experiment.
Chapter 2 is a description of the experimental
system and procedure. Chapter 3 presents the exper-
imental results and a discussion of significant obser-
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vational data. In Chapter 4, an attempt is made to
explain the experimental result with a theoretical
basis. In Chapter 5, new conclusions of this research
are presented.
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2. EXPERIMENTAL APPARATUS AND PROCEDURE
APPARATUS
The experiments described in this paper were per-
formed in a recirculating flume. The Millipore filter
technique was used to determine sediment concentration
in the samples. A precision electric balance was used
to weigh the dried samples. Pipette analysis was done
to determine grain size of the sediments used in the
experiments. The flume and the other apparatus are
described in the following sections.
Flume
The 5.5 m flume is a tilting, recirculating flume
with a rectangular cross-section 17 cm wide and 34 cm
deep (Fig. 1). A connected pair of I beams support
the transparent acrylic channel. The return pipe is
made out of polyvinyl chloride, which is resistant to
the sea water. A variable 3/4 HP centrifugal pump
is situated at the downstream end of the flume. Discharge
is controlled by varying pump speed and also by a gate
valve in the return pipe near the upstream end of the flume.
The flume is supported at the upstream end by a pivot
support and at the downstream end by a coupled pair of
screw jacks. The jacking system allows a range of
slope from -0.001 to +0.015.
Discharge is measured with a U-tube manometer
connected to an orifice meter in the return line.
Water-mercury and water-carbon tetrachloride are used
as combinations of manometer fluids for higher and lower
ranges of velocities, respectively. The orifice meter
was built to standard geometry.
A baffle, made of plexiglas with circular holes,
was placed at the channel inlet to make the flow
uniform at the entrance. Just downstream is a piece
of plexiglas 60 cm long in contact with the water
surface to prevent surface waves from being introduced-into
the channel.
A pair of one-inch steel rods mounted above the
channel sidewalls served as rails for an instrument
carriage. These rails were carefully aligned with a
still water surface at zero slope prior to the study.
The carriage supported a rack-and-pinion point gage
which could be read to within 0.05 mm. The point gage
could traverse the length and width of the flume. The
instrument carriage could also carry a pitot tube as
well as a bed-leveling device.
Filtering Apparatus and Filter Paper
The Millipore vacuum filtering equipment is shown
in Fig. 2. The filter holder is made of a pyrex funnel
and base with a coarse-frit glass support for filter,
anodized aluminum clamp, and a neoprene stopper. The
filtration flask is a side-arm flask for use in vacuum
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filtration procedures with various Millipore filter
holders.
The Millipore membrane filter is a cellulose
plastic, porous membrane which is available in various
pore-size grades or types. The type selected for use was
type HA, having a pore-size opening of 0.45 p. The pore
size of 0.45 p is about twice the diameter of the upper
limit of a fine colloidal clay particle given by the
MIT classification system which is 0.20 p. Since clay
particles will always appear in a flocculated state in
the samples, even the colloidal sized particles, if
present, will be retained after filtration. The clay
portion of the MIT classification system is shown in
Fig. 3.
DESCRIPTION OF THE SEDIMENT
Source
The sediment used was recovered in a Giant Piston
Corer from a depth of 4758 m at 280 14.7' N, 740 26.4' W,
from the top of dune on crest of Bahama Outer Ridge by
Woods Hole Oceanographic Institution, Woods Hole,
Massachusetts. It is a dark gray to grayish brown clay
with composition ranging from calcareous to siliceous-
calcareous. The sample was maintained in a wet though
remolded state. Water content of the sample in the
laboratory condition was 74% (percent dry weight).
Sediment Analysis
A pipette analysis was made to determine the grain
size distribution of the sediments used in this exper-
iment. About 25 gm of wet sample was taken for analysis.
All material coarser than 62 p was separated by wet
sieving, and this material was dried and weighed
separately. A dispersant solution was prepared by
adding Calgon to 1,000 ml of distilled water kept in
a graduated cylinder. The sample was thoroughly
dispersed in this dispersant solution and allowed to
stand for 24 hours. After it was made sure that the
sediments were completely dispersed, a pipette analysis
for seven different limiting sizes was made. The
settling velocities for the limiting sizes were computed
according to Stokes' law. The results of this analysis
are given in Table 1.
Since it is observed that most of the sediment is
in the size range of 2-5 p and since larger grains are
the ones which fall out from the flow faster, it was
decided to use a preferred range of grain size rather
than the entire range of grain sizes. The preferred
range, namely, from 0.5 to 5 p, was separated out by
dispersing the sediments and then taking out the
proper cut by using Stokes' law of settling velocities.
These sediments were washed thoroughly to get rid of
the dispersant. They were also analysed by the pipette
method to check their size range and were found satis-
factory.
Bottom Roughness
The objective of this experiment is to compare the
suspended sediment concentration of a particular flow
field with different bottom roughness. The bottom
roughness of the channel used in this experiment is of
the following types:
(1) A sedimentary bed, made out of the same sediments;
i.e., between 0.5 to 5 p grain size..
(2) A sand surface, with sand grain size between
100 to 125 p.
(3) A silt surface, with silt grain size between
53 to 63 p.
(4) A surface of window glass.
(5) A surface of plexiglas.
The sand surface and the silt surface were prepared by
gluing the material uniformly over a glass plate.
PROCEDURE
Velocity Measurement
It was decided to plot pressure difference against
discharge so that at any instant the flow velocity can
readily be calculated from the discharge and cross-
sectional area of the channel. The discharge was
measured directly. The following is a description of
the procedure used to obtain the curve pressure vs.
discharge.
The flume channel was divided into two equal
upstream and downstream halves by putting a plexiglas
barrier in the middle. The downstream part was filled
with water and then pumped to the upstream part of the
channel at a constant speed. The pressure differential
in the manometer and the running time of the pump were
recorded simultaneously. Since the volume of the water
pumped to the upstream part can easily be evaluated very
accurately, discharge was obtained for the particular
pressure differential value. Altogether 25 different
measurements were taken for the entire range of pump
speed. Mercury was used as a manometer fluid for higher
pressure and carbon tetrachloride for lower pressure.
This gives a better accuracy in the manometer. The
resulting curves were amalgamated into a single curve.
The resulting graph is shown in Fig. 4.
Measurement' of Shear Stress
Shear stress in the bottom of the channel is
calculated by using the well-known formula
T = pgRSo (8)
So was measured experimentally and used to compute
the shear stress, To . To calibrate shear stress with
velocity, 15 different values of SO were measured for
15 different velocites covering the range intended to
be used, and their computed shear stress values were
plotted against the respective velocities. The resulting
graph of shear stress versus velocity is shown in Fig. 5.
In this way, shear stress could be evaluated by reading
the pressure difference in the manometer.
Determination of Concentration
A special method using the Millipore filter technique
(Millipore filter corp., 1961) was used for the determining
weight concentrations of suspended solids.
The actual proceudre used for filtering was as
follows. Special desiccators were prepared by placing a
3/4 inch depth of silica gel in 4-ounce, short form,
wide-mouth bottles and inserting a 10 ml beaker. Such
bottles are about 2.5 inches in diameter and 2.5 inches
in depth. When the bottom of the beaker was worked
down into the desiccant, the bottle was closed with a
molded plastic screw cap to form a tight desiccator.
Each filter paper was numbered and placed over the
beaker in each desiccator and desiccated for one hour,
and then weighed on an analytical balance. The handling
time was standardized to about 25 seconds. The weighed
filter papers were stored in the manufacturers packing
box until needed. Filtering of the samples were done
under vacuum. Deposited solids on the filter papers
were rinsed with three 10 ml portions of distilled
water. The wet filters with residue were placed over
the beaker in each desiccator and desiccated for 24
hours. After desiccation, the filter papers were
reweighed in the same manner as before. To compensate
for the variations in the relative humidity at times
of weighing, a "blank" filter paper was run with each
set.
Measurement of Temperature
The temperature was measured to the nearest
0.10 C using a mercury thermometer suspended in the tail
box. The flume is located in an air-conditioned
building, and the temperature usually varied by less
than 2.00 C during a run.
3. PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS
OUTLINE
The experimental work may be divided into two
parts. The first is of a rather generalized preliminary
nature. Its main purposes were to test the usefulness
of the apparatus for the present study, to determine
some general fundamental aspects of the depositional
behavior of fine sediments, and to verify some previous
general conclusions on fine sediment deposition based on
open straight flume experiments. Altogether, five
depositional runs were made in this part.
The second part was devoted to determining the
equilibrium suspended sediment concentration for a
particular flow field as a function of various possible
types of bottom conditions. Altogether, five different
bottom roughnesses were tested in five equilibrium
concentration runs. To achieve the equilibrium con-
centration for a particular flow field, sediment was
added or subtracted from the flow while maintaining the
same flow field throughout the run.
The sediments used in all the experiments were from
a piston core as mentioned earlier in the sediment
analysis section of Chapter 2. Only a limited size
range, namely, from 0.5 4 to 5.0 p was taken out of
this core and used in all the experiments. The actual
procedure of this process and the reason for it is already
given in Chapter 2, under the section on sediments. The
procedure for determination of the suspended sediment con-
centration is also already given in Chapter 2, under the
subsections on filtering equipment and gravimetric con-
centration measurements. All the velocities and shear
stresses in all the experiments were calculated from the
curves of pressure vs. discharge (Fig. 4) and velocity
vs. shear stress (Fig. 5) described in Chapter 2.
RESULTS OF THE FIRST PART
This part consisted of five depositional runs at a
flow depth of 5.5 cm. The experimental conditions were
as follows: The channel was filled to a depth of 5.5 cm
with clear sea water. The salinity of the sea water was
kept at a constant value of 27 g/l. The return line was
opened, and the water was circulated at a flow velocity of
20 to 30 cm/sec in the flume while sediment was added
slowly as a slurry to bring the suspended sediment con-
centration to about 0.7 g/l. The velocity was then reduced
to the desired value selected for the particular deposition
run. During each experiment, the suspension was cir-
culated continuously at a uniform velocity. No ad-
ditional sediment was included as bed material or
added at a later time during this part of the experiment.
It was intended that all of the sediment be suspended
at the beginning of each deposition run to reproduce the
same overall initial grain size distribution.
Suspended-sediment concentrations observed during
measurements made at several flow velocities are shown
in a semi-logarithimic plot of concentration versus
time in Figure 6. The data for this series are presented
in Table 2. The data show a logarithimic decrease
in concentrations less than 200 mg/l. In all the five
cases, a straight line reasonably fits the data below
100 ppm.
The deposition rates are plotted in Figure 7
against the shear stress applied by the flow on the
deposited material. Data points from Krone's (1962) ex-
periments are also plotted in Figure 7. -A linear
relationship is indicated by the data in Figure 7.
Extensions of the line indicate that no deposition
occurs at bed shear stress greater than 0.61 dynes/cm2
The data for low concentration show very slow deposition
rates.
RESULTS OF THE SECOND PART
As mentioned earlier, the second part deals with the
main objective of this research. Its initial purpose
was to discover the effects of bed roughness on the
equilibrium concentration runs at 4.7 cm flow depth.
The experimental conditions were as follows: The
channel was filled to a depth of 4.7 cm with clear sea
water. The salinity of the sea water was kept at a
constant value of 27 g/l. The return line was opened,
and the water was circulated at 20 cm/sec. This state
was maintained for one hour to allow the flow to
stabilize at this particular velocity. In all the five
runs, this particular flow velocity was maintained
throughout the experiments. An amount of sediment,
believed to be an approximation to the equilibrium
concentration, was added to the flow slowly as a slurry.
It was then allowed to be suspended at the beginning of
each run to reproduce the same overall initial grain-
size distribution. As soon as the sediments were
uniformly suspended throughout the flow, a 40 ml sample
was withdrawn from the channel to determine the
concentration. After two hours, another 40 ml sample
was taken, and its concentration was determined in the
same way. The results of these two samples were
compared. If the latter sample showed a decrease in
concentration, it was assumed that the flow was
depositing sediment. If there was an increase in
concentration, then it was assumed that erosion of the
bed materials must be taking place; and if the con-
centration remained constant, then it was assumed that
either the flow was an equilibrium concentration flow
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or it was undersaturated in terms of suspended sediment
concentration. Depending upon the result of con-
centration of the two samples, the following measures
were taken to achieve the equilibrium concentration:
(1) Concentration decreasing: In the case of run
with sediment bed, a portion of the fluid from
the system was replaced by equal volume of
clear sea water. Caution was taken not to
disturb the flow during this operation. The
flow was allowed to run for some time so that
the distribution of suspended sediments became
uniform throughout the system. After this,
the same operation of taking samples at two-
hour intervals was followed until the sus-
pended-sediment concentration remained
constant with time. In the case of run with
sand or silt roughness, the bottom was swept
with a brush to make sure that the initial
bottom roughness remained intact. A portion
of the fluid was replaced by an equal volume
of clear sea water and the flow was allowed
to run for some time so that the distribution
of suspended sediment became uniform. This
procedure was followed until the equilibrium
concentration was reached for the particular
flow condition.
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(2) Concentration increasing: This is possible
only in the case with a predeposited sediment
bed. In this case, more sediment was added
to the system in the form of a slurry.
After uniformity of the suspended sediments
was ensured in the system, the testing of
concentration by the same method was done.
The operation continued until the equilibrium
concentration of the flow was reached.
(3) Concentration constant: In case of flows
witbhout an erodible bottom, this might be the
state of undersaturated concentration.
To test this phenomenon, a batch of sediment
in the form of a slurry was slowly added. As
soon as the sediments were distributed
uniformly, concentration tests were done by
the usual method descirbed above; and the
process was continued til the equilibrium
concentration was reached.
A very important consideration was to keep the
flow undisturbed during the entire operation of
addition and reduction of suspended sediments in the
system. This was done successfully by using the tail
box as the site for such operations.
The temperature of the system was another important
consideration in the present experiment. The system used
was not insulated, hence a slight fluctuation of fluid
temperature existed during the operation. However, the
order of fluctuation was kept at + 10 C. from the room
temperature. The mean temperature of the fluid during
this series of experiments was found to be 190 C.
Data other than from this temperature range were not
considered in this research.
The sediment properties were maintained as uniform
in all the five runs of this series. This was achieved
by using a separate batch of sediments for each run from
a common stock prepared before the beginning of this
series of experiments. After each run, the entire fluid
used in the experiment was filtered to get rid of the fine
suspension. By this procedure, the same fluid was
available for reuse, and the consistency of the sediment
properties in the entire experiment was maintained.
The data for this series are presented in Table 3.
The following is a detailed observation of each
run. The first run of the series was done with a
pre-deposited sediment bed. The procedure for producing
the bed was as follows: The channel was filled to a
depth of 4.7 cm with clear sea water. The water was
circulated at 10 cm/sec flow velocity in the flume
while the sediment was added slowly as a slurry at
regular intervals. This process was continued for a
full day to bring the thickness of the deposited
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sediments at the bottom to about 4 cm. The circulation
of the flow was maintained at the same velocity for
the next four days. By this time, all the sediments
were deposited at the bottom of the channel; and the
flowing fluid was completely clear of any suspension.
The sediment used in the deposition of this bed was
the same as the one which was used in the entire
experiment. The total thickness of the bed was 5 cm,
of which the lower 4 cm appeared to be compact, and
the upper 1 cm had a soupy character. This bed was
thought to be adequate for experimental purposes
since it resembled the natural clay bed. The velocity
was then increased slowly to 20 cm/sec. This was done
in steps so that the bed remained undisturbed. Sediment
was added slowly to the flow and concentration measure-
ments were taken as soon as the flow stabilized. A few
times the suspended-sediment concentration showed an
increasing trend. This must have been caused by erosion
of the bed material by flow. In this case, more sediment
was added immediately to bring the flow to an equilibrium
state of balanced erosion and deposition. This continuous
constant observation was thought to be the best approach
to reach the equilibrium concentration of such a flow
situation. The run showed the highest equilibrium
concentration value; i.e., 316 parts per million. The
result is reproducible within + 2 percent.
The effect of initial concentration on the final
equilibrium concentration was not studied explicitly
in this experiment because the idea was to add sediment
to the flow in such a way that it brings the concentration
to the equilibrium concentration. As is apparent in
the description of the experiment, we achieved this by
trial and error. However, it is evident from the
experiment that initial concentration does not have any
effect on the equilibrium concentration. The flow
picks up sediments from the bed materials when the
suspended sediment concentration is below the equilibrium
concentration and deposits when it has a higher con-
centration. Of course, one might find different values
of equilibrium concentration starting with different
initial suspended sediment concentration if the
properties of the bed materials are entirely different.
It should be noted at this point that the original idea
of non-erosion of bed materials at 20 cm/sec flow
velocity did not prove to be the case for this run.
Hence this run on principle is not analogous to the
other runs of this series.
As mentioned earlier in the section on bottom
roughness, the second run was made with a plain window
glass plate bottom. Four glass plates of appropriate
size were laid down at the bottom of the flume channel.
The experiment showed a pseudo-equilibrium concentration
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for some time, after which the concentration decreased
with time. Close observation of the system revealed that
this happened due to the small cracks between the
glass plates which acted as a trap. Stable equilibrium
concentration was reached when all the cracks were filled
by sediments. The result showed an equilibrium con-
centration of 68 ppm.
The third run was done with the usual flume
channel bottom, which is made out of plexiglas, to see
the difference with run No. 2. The result showed an
equilibrium concentration of 41 ppm.
The fourth run was made with an artificial sand
bed. Actually the bed was a representation of a flat
sand bed surface with sands of 100 to 125 p grain
diameter. Preparation of this bottom roughness is
already given in Chapter 2. Care was taken to seal
off the cracks between the glass plates by plasticine
to avoid flow disturbance and sediment loss. The
run showed the second highest equilibrium concentration
value; i.e., 85 ppm. The result is reproducible to
within + 2 percent.
The last run, i.e., the fifth run of the series,
was made with an artificial silt bed. As mentioned for
the fourth run, this was also a representation of a
flat silt bed surface with silts of 53 to 63 p grain
diameter. The run showed a very low equilibrium
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concentration value, namely, 45 ppm.
In the following chapter, an attempt is made to
explain the experimental results with a theoretical
basis.
4. DISCUSSION OF RESULTS
FIRST PART
Suspended sediment concentrations observed during
measurements made at several flow velocities are
represented in a semi-logarithimic plot of concentration
versus time in Fig. 6. Representation of the individual
deposition runs by a straight line to show logarithimic
decrease in concentration of suspended sediment is not
very obvious. However, in all five cases, a straight
line reasonably fits the data below 100 ppm. Thus
the following equation which was used by Etter and
Hoyer (1964), and similar to that presented by Krone
(1962) as equation (2), would fit the data:
CFF exp [-Kt] (9)CR R
Krone (1962) found the straight line representation
to be valid for suspended sediments concentration
below 300 ppm. Etter and Hoyer (1964) found this to be
true only below 200 to 300 ppm. Partheniades (1966)
demonstrated in his deposition runs with concentration
below 300 ppm that the plots clearly are not straight
lines, and, therefore, the rates of deposition do not
take the form given by Krone in equation (2). However,
Partheniades' (1965) previous experiments, with the
same type of sediments as used by Krone, agreed well
with equation (2) for concentrations less than 200 to
300 ppm. The present investigation agrees well with
the previous investigations only for concentrations
below 100 ppm. It is interesting to note that the
grain-size range used in the previous investigations
was almost the same in all three cases, whereas the
grain-size range used in the present investigation
was significantly different.
The deposition rates are plotted in Figure 7
againstathe shear stress applied by the flow on the
deposited materials; i.e., bottom shear stress T . The
plot indicates that a linear relation can be drawn from
the data even though data show some scattering. Extension
of the straight line drawn through the data points
indicates no deposition above bottom shear stress greater
than 0.61 dynes/cm2
Due to the small number of data points in Figure 7,
a straight line representing a linear relationship can
be drawn anywhere within a certain bracketed area inside
Figure 7. Evidently, different investigators may draw
their straight line through these types of data any-
where within this bracketed area to interpret their
result. It should also be remembered that, due to
the nature of the problem, the error involved with the
experiment in its different phases is extremely difficult
to detect and evaluate. As an example, a survey of
bottom shear-stress values, for comparable flow situation,
shows a considerable difference in the works of different
investigators. Computation of bed shear stress involves
the flow depth, hence a change of flow depth results in
change in bed shear stress. The change in deposition rate
due to change in flow depth for a particular flow
velocity is not proportional to the corresponding
changes in bed shear stress. Therefore, a relation
between bed shear stress and deposition rate is not
unique. *
The experimental value of critical bed shear
stress for cohesive materials is certainly valuable
information for engineering purposes. At zero flow,
the deposition rate can be evaluated by using floc
diameter, depth of flow, and from settling velocity.
This will give a corresponding point in the diagram of
deposition rate vs. shear stress. The scatter of
experimental data, from the present experiment together
with that of Krone (1962), suggests that a bracketed
value of critical shear stress for deposition from
0.5 dynes/cm 2 to 0.7 dynes/cm 2 is meaningful for
suspended sediment with concentration below 200 ppm.
SECOND PART
The results of the second part of the experiments
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give us valuable insight into the variables involved
in maintaining the equilibrium concentration of the
flow. If we define the equilibrium concentration
as that for which the concentration of suspended
material remains constant, then two cases are possible
in any flow. One is for no deposition or no erosion,
and the other is for simultaneous erosion and deposition
of bed materials.
It was intended that the flow velocity be chosen
to lie between the non-deposition and erosion velocities,
but it did not turn out to be the case in the present
investigation.
Partheniades (1962) reported that for a flocculated
bed deposited in the flume directly from suspension
at low velocity, the minimum scouring velocity was
between 19 to 23 cm/sec. Krone (1962), in an experimental
study of transport and shoaling processes under estuarial
conditions, concluded that suspended sediment can be
deposited only at bed shear stress less than 0.8
dynes/cm 2 . In terms of the typical flume condition
this shear stress is generated by a velocity ranging
from 16 to 21 cm/sec. Southard et al. (1971) in their
flume experiments on the erosion of abyssal calcareous
ooze in shallow uniform flows of sea water, found that
erosion velocities range from 7 to 10 cm/sec soon
after rapid deposition of the bed to 15 to 20 cm/sec
after a few tens of hours. In a recent study on
experimental erosion of the north Pacific red clay,
Lonsdale and Southard (1974) demonstrated that even
with a water content of as high as 82%, observable
erosion took place at a velocity equivalent to a bottom
current of about 30 cm/sec. It is quite evident from
the works of the above-mentioned investigators that
critical erosion velocity varies over a wide range
of values, depending mainly on the physical properties
of the bed. The velocity selected for this study, namely,
20 cm/sec, is neither a strong scouring velocity nor
a typical depositional velocity; but it may behave
either way depending on the condition of the bed.
For cohesive sediment, erosion, transport, and
deposition of sediment can be shown to be controlled
by two groups of variables--one associated with the
flow conditions and the other associated with the
properties of the sediment itself. The equilibrium
condition evidently results from the interaction of
these two groups of variables. With the present
limited knowledge of turbulence, clay properties, and
flocculation process, an analytical approach to the
problem of equilibrium concentration is very difficult.
However, it helps to study the problem systemmatically.
Presumably, the initiation of motion of a cohesive
particle or, more naturally, a floc is made by the
impinging turbulent eddies. Once it is detached from
the bed, it may break down into smaller flocs and remain
in suspension or be reflocculated and deposited at some
place from the flow. It was observed by previous
investigators that erosion rates remain constant for a
given flow condition as long as the properties of the
bed remain uniform and constant. From the above simple
observation, we can now examine the first run in the
second part of the present investigation.
In the first run, a flocculated bed was deposited
in the flume directly from suspension at low velocity
over a five-day period. Since the grain-size varies over
only a small range, the bed should have uniform sediment
properties. At the beginning of the run, concentration
started to rise steadily for several hours and then
started to decrease. The most obvious explanation
for this is that, when the velocity was raised to
20 .cm/sec a portion of clay which could have been
sticking to the return line and also the sediments
around the entrance section were put into suspension.
An increase in concentration was also noticed in
several cases long after the beginning of the run
when an amount of fluid was replaced by clear sea
water. Increase in concentration in this case implies
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erosion of bed materials. Since, at this time, freshly
deposited material, as indicated by decreasing con-
centration, was lying at the top of the bed, entrain-
ment of these sediments into the main flow was comparatively
easier than the erosion of the predeposited bed. It is
believed that, perhaps, the topmost part of the pre-
deposited bed was also eroded along with the freshly
deposited sediments. Equilibrium concentration was
reached after three days of circulation. The flow
seemed to establish a simultaneous erosion-deposition
pattern during this period which led to a steady con-
stant value of 316 ppm.
Run No. 1 gives the highest value of equilibrium
concentration, which is almost four times larger
than the observed concentration for the run with a
sand bed. The interpretation of this problem is
not obvious. The major difference lies in the properties
of the bed materials in these two flow situations. It
is definite that erosion did take place in the first
case, as the concentration shows a steady increase;
but it is not known whether the erosion was uniform
throughout the bed or whether it was a local phenomenon
around the entrance section of the flow.
We can explain the observed high concentration in
the case of flow with the sediment bed if we believe
that simultaneous erosion and deposition did take
place, and the equilibrium concentration was the result
of the net statistical erosion-deposition balance. This
erosion-deposition may not be uniform throughout the
entire bed. The initially eroded material must have
been deposited all over the bed and this must have made
the bed more erodible.
The experiment with silt shows a lower concentration
than the one with sand. The only variable change was
the bottom roughness, from 53 to 100 p. The only
apparent answer to the question is the change of
turbulence intensity and/or change of the gradient of
boundary shear stress of the flow. A plain plexiglas
bottom shows the lowest equilibrium concentration,
which is quite justified from the above standpoint.
As discussed earlier in Chapter 3, the equilibrium
concentration of run No. 2, with a plain glass bottom,
is complicated by the presence of gaps in between the
glass plates. The erosion-deposition pattern, as
described in the case of run No. 1, with the sediment
bed, is responsible for the somewhat higher concentration
of this run.
5. SUMMARY AND CONCLUSIONS
The experimental verification of some previous
general conclusions on fine sediment deposition,
based on open straight flume experiments, have been
reported in this paper; and the results of the studies
on the equilibrium concentration of clay suspensions
with various bed roughnesses have been presented.
Experiments with fine sediment deposition revealed
the following important depositional characteristics
of fine sediments:
(1) Semi-logarithimic plot of suspended sediment
concentration versus time for a constant
depositing flow field can be represented by
a straight line for concentration below 100 ppm.
(2) Equation (9), where a reference suspended sediment
concentration is used for the logarithimic
relation, appeared to be more valid than
equation (2) of Krone where an initial
concentration is used.
(3) A triangular transition zone of bottom shear
stress for the range of flow velocities from
deposition to erosion is suggested instead
of a critical shear stress, as originally
proposed by Krone.
53
Experiments with five different bottom roughnesses
revealed the following characteristics of equilibrium
concentration of fine sediment:
(1) For given geometry, flow rate, water environ,
and sediment type, the equilibrium concentration
appears to be governed by the bottom conditions;
the five runs made with different bottom
conditions show different values of equilibrium
concentration for the same flow velocities.
(2) The physical properties of the bottom itself are
more important than the hydraulic effect they have
on the flow; the first run made with a 5 cm
bed of same sediment shows a greater equilibrium
concentration value than in the runs made with
a sand surface.
(3) Rougher surface appears to increase the turbulence
intensity of the flow, which increases the
equilibrium concentration as a result. The run
with sand surface shows higher value than the
one with silt surface. This suggests that a
higher equilibrium concentration can be
maintained in the flow by increasing the bottom
roughness.
(4) The interaction of the variables, associated with
the flow conditions and the properties of the
sediment, is so complicated that an exact
reproduction of flow situation is virtually impossible.
However, the experimental results show that the
reproducibility of the experiments are in a tolerable
range. For example, the reproduction of run No. 1
with the sediment bed and the run No. 4 with the sand
bed appears to be only + 2%.
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TABLE 1
GRAIN-SIZE ANALYSIS
Diam. Withdrawal
Depth
cm
20
10
10
10
Time
at
250 C
20s
41s
lm54s
4ml5s
17m
Weight
of
Sample
g
0.342
0.338
0.337
0.329
0.328
lh8m20s 0.298
7h5m 0.251
Less
Dispers.
0.1025
0.239
0.236
0.235
0.227
0.226
0.196
0.192
Multiply
by
50
11.95 (F)
11.77 (P)
11. 76 (P)
11.35 (P)
11.28(P)
9.77(P)
9.72 (P)
Cumulative
Percent (see
formula below)
1.24
2.73
2.85
6.24
6.82
19.3
31.8
Weight of sand above 63 p = 0.1506 g = S
Percentage of sand - 100S = 1.244S+F
F = 50 times the first pipette = 11.95 g
P = 50 times later pipette
100 (S+F-P)Cumulative Percent coarser = S+F
63
50
30
10
TABLE 2
DATA FROM FIRST PART
5.5 cm. DEPTH-DEPOSITION
Run No. Length
of Run
(t)
hrs.
Temp.
(T)
OC.
Average
Velocity
(V)
cm./sec.
Initial
Conc.
(CI )
p.p.m.
Ref.
Conc.
(CR)
p.p.m.
Ref.
Time
( tR)
hrs.
Final
Conc.
(CF)
pp.m.
CF/CR
tR
Bottom
Shear
Stress
Cr 0)dynes/cm.dynes/cm.
47.00 18 7.69
121.35 19 9.98
69.00 19 12.70
166.15 18.5 13.17384
109.7
774.0
633.6
714.3
90
60
19 46.44 0.027
40 38.52 0.01605
22 8.48
89 50 58.62 0.01317
752.9 20 155 13.594 0.00438
0.01927
0.17
0.26
0.39
0.41
0.545. 264.00 19 15.725
TABLE 3
DATA FROM SECOND PART
4.7 CM DEPTH-EQUILIBRIUM CONCENTRATION
Average
Velocity
V
(cm/sec)
20.00
20.00
20.00
20.0
20.00
State
Of
Bottom
Sediment
bed
(.5 to 5 p)
Window glass
Plate
Plexiglas
Sand bed
(l00-125-)
Equilibrium
Conc
(ppm)
316
Silt bed
(53-63p)
Run No Length
of Run
t
(hrs)
Temp
T
(oC)
19
18.5
19
19.5
19.5
216
100
100
120
120
62
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APPENDIX A
RUN NO. 1 [SECOND PART]
Depth of Flow - 4.7 cm
Velocity of Flow - 20 cm/sec
Bed State - Predeposited Bed, Thickness 5 cm
RUN HISTORY
Time Operational Activity
1-8-76 1025 circulation started
1230
1345
1700
1730
2000
40 ml sample withdrawn
II II II It
sediment added
40 ml sample withdrawn
II it II II
Concentration
in ppm
300
388
430
405
2330 10 liter fluid replaced by
clear sea water
1-9-76 1045
1340
1920
40 ml sample withdrawn
if II It It
1-10-76 0645 10 liter fluid replaced by
clear sea water
1000
1645
1-11-76 1800
1900
2200
2400
40 ml sample withdrawn
II II II II
40 ml sample withdrawn
II II II II
II II II II
II II II II
Date
391
377
351
333
337
319
316
316
317
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APPENDIX B
RUN NO. 1 [REPRODUCTION RUN]
Depth of Flow - 4.7 cm
Velocity of Flow - 20 cm/sec
Bed State - Predeposited Bed, Thickness 5 cm
RUN HISTORY
Date Time Operational Activity
1-21-76 1420 circulation started
1500
1700
1900
1-22-76 1200
1315
1715
2130
sediment added
40 ml sample withdrawn
II I II I
40 ml sample withdrawn
II II II II
I IfI II II
I II II II
Concentration
in ppm
218
310
415
415
394
376
2400 10 liter fluid replaced by
clear sea water
1-23-76 1215
1335
1650
1800
1-25-76 1800
1900
2100
40 ml sample withdrawn
II II I II
It II II tI
II II It II
40 ml sample withdrawn
II It Is It
II II II II
327
328
316
317
318
318
319
APPENDIX C
RUN NO. 2 [SECOND PART]
Depth of Flow - 4.7 cm
Velocity of Flow - 20 cm/sec
Bed State - Window Glass Plate
RUN HISTORY
Date Time Operational Activity
1-27-76 1400 sediment added
1500
1600
1800
1930
2030
1-28-76 1030
1200
1400
1600
1800
1-29-76 1200
1400
40 ml sample withdrawn
II II II II
II II II II
10 liter fluid replaced
clear sea water
40 ml sample withdrawn
10 II II II
1-30-76 1000 sediment added
1200
1400
1-31-76 1200
1400
1600
40 ml sample withdrawn
It It II i
40 ml sample withdrawn
If II II II
II II II II
Concentration
in ppm
82
76
74
74
75
by
48
49
70
70
68
69
68
74
APPENDIX D
RUN NO. 3 [SECOND PART]
Depth of Flow - 4.7 cm
Velocity of Flow - 20 cm/sec
Bed State - Plexiglas
RUN HISTORY
Operational Activity
sediment added
40 ml sample withdrawn
11 It II II
it II II II
1800 20 liter fluid replaced
by clear sea water; Bed
swept by a brush to
remove deposited
sediments
1930 40 ml sample withdrawn
2-7-76 1230
1400
1600
2-8-76 1000
1030
1130
1300
1700
1830
2000
2130
2330
2-9-76 1100
1300
1500
1800
40 ml sample withdrawn
II II It It
II If It it
40 ml sample withdrawn
sediment added
40 ml sample withdrawn
It It I It
20 liter fluid replaced
by clear sea water; Bed
swept by a brush to
remove deposited
sediments
40 ml sample withdrawn
It It I II
sediment added
40 ml sample withdrawn
40 ml sample withdrawn
II II II i
it II ii I
II I it II
Concentration
in ppm
126
110
98
56
42
41
42
41
110
90
35
38
45
40
42
41
41
Date Time
2-6-76 1130
1230
1430
1630
APPENDIX E
RUN NO. 4 [SECOND PART]
Depth of Flow - 4.7 cm
Velocity of Flow - 20 cm/sec
Bed State - Sand Bed
RUN HISTORY
Date Time
1-12-76 1200
1350
1450
1800
2200
1-13-76 1000
1200
1330
1600
Operational Activity
sediment added
40 ml sample withdrawn
II II i
sediment added
40 ml sample withdrawn
40 ml sample withdrawn
II WI II Ifit if ifit it it
Concentration
in ppm
45
46
110
90
86
85
86
1800 10 liter fluid replaced
by clear .sea water; Bed
swept by a brush to
remove deposited
sediment
2200 40 ml sample withdrawn
40 ml sample withdrawn
sediment added
2000 40 ml sample withdrawn
1-15-76 1000
1200
1400
40 ml sample withdrawn
iI It II tI" ""
"r "l "
1-14-76 1400
1600
1800
85
86
85
APPENDIX F
RUN NO. 5 [SECOND PART]
Depth of Flow - 4.7 cm
Velocity of Flow - 20 cm/sec
Bed State - Silt Bed
RUN HISTORY
Date Time
2-11-76 1500
1700
'1900
2100
Operational Activity
sediment added
40 ml sample withdrawn
It It It it
It If if If
Concentration
in ppm
113
100
85
1000 10 liter fluid replaced
by clear sea water; Bed
swept by a brush to
remove deposited
sediment
1200 40 ml sample withdrawn
1tA If it It
1600 II It
2200 10 liter fluid replaced
by clear sea water; Bed
swept by a brush to
remove deposited
sediment
2400 40 ml sample withdrawn
2-13-76 1100
1245
1400
1700
2-14-76 1100
1500
1700
1830
2000
2200
2-15-76 1200
1400
40 ml sample withdrawn
sediment added
40 ml sample withdrawn
It II II It
40 ml sample withdrawn
sediment added
40 ml sample withdrawn
II II II II
40 ml sample withdrawn
II II If II
2-12-76
68
58
55
32
32
43
42
43
49
44
45
44
45
45
